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Precision physics of simple atoms and constraints on a light boson with ultraweak 

coupling 
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Constraint on spin-dependent and spin-independent Yukawa potential at atomic scale is developed. 
That covers constraints on a coupling constant of an additional photon 7* and a pseudovector 
boson. The mass range considered is from 1 eW /c? to 1 MeV/c^. The strongest constraint on a 
coupling constant a' is at the level of a few parts in 10^^ (for 7*) and below one part in 10^^ (for a 
pseudovector) corresponding to mass below 1 keV/c^. The constraints are derived from low-energy 
tests of quantum electrodynamics and are based on spectroscopic data on light hydrogen-like atoms 
and experiments with magnetic moments of leptons and light nuclei. 
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I. INTRODUCTION 



Precision physics of simple atoms is a field, which pro- 
vides us with valuej of various fundamental constants 
with high accuracy il| and enables to perform low-energy 
tests of quantum electrodynamics (QED) [2]. Indeed, 
it is important to verify specific theoretical calculations, 
which are quite advanced and sophisticated Q , although 
we hardly have any doubts about QED as a universal 
framework to describe kinematics of photons, theory of 
electromagnetic interactions of point-like particles and 
phenomenology of electromagnetic interactions of struc- 
tured objects, such as hadrons. 

Meantime, various unification theories suggest new 
articles, which have not yet been observed (see, e.g., 
I ) . One class of such particles deals with light [elec- 
trically] neutral particles with ultraweak coupling to con- 
ventional matter. Stable neutral particles of this kind 
are also a candidate for the dark matter [6j. That 
means that, while energetically such particles are reach- 
able in existing particle-physics experiments, their ultra- 
weak coupling makes their production and detection rate 
so low that their observation is in reality impossible. 

The atomic physics allows one, on the contrary, very 
accurate measurements, and thus certain constraints 
within a keV/c^ range of mass of an intermediate bo- 
son are in reach. Below we consider two basic options. 
At first, we constrain a kind of an additional photon 
7*, which interacts universally with all charged particles. 
The other kind of particles we study is a pseudovector bo- 
son, which induces a spin-dependent interaction between 
atomic constituents. 

Dealing with effects at atomic scale, it is more advan- 
tageous to apply the coordinate-space consideration and 
to constrain a certain long-range interaction in the form 



of the Yukawa-potential correction to the Coulomb law 
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which is multiplied by the nuclear charge Z if necessary. 
Here, the first line describes 7*, while the second line is 
for an axial boson and s stands for the spin of a particle. 
A requirement to constrain the Yukawa terms in a cer- 
tain range of A is quite simple: it is necessary to compare 
two experiments, which have different sensitivity to the 
correcting term. Here we compare experiments, which 
involve different distances. While in Sects. |ll] and IHII 
we deal with distance scales, different by orders of mag- 
nitude, in the consideration in Sect. IIVI the compared 
distances are relatively close, but the sensitivity is en- 
hanced. 



II. CONSTRAINING AN EXTRA PHOTON 7* 

The most intensively studied atomic scale is at a few 
values of the Bohr radius, ag — 0.53 x 10~^° m. For the 
Yukawa radius, equal to oq, the related mass A of the in- 
termediate particle is 3.5 keV. (We apply here relativistic 
units, in which h = c = \.) 

The fundamental constants related to this scale are 



Roo = 10 973 731.568 527(73) m-i 
a-i = 137.035 999 59(53). 



(3) 
(4) 
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Before applying both values to constrain a' , we briefly 
explain their origin. Once we suggest a substitution ([Ij, 
both results become related to Q;off(7') at a certain effec- 
tive value Tcff ~ (1 — 4)09. 

The value ([3]) is from the evaluation [l| of experimental 
and theoretical results, where a statistically dominant 
contribution involves data on the Is and 2s states ^7in:9|, 
while the Yukawa correction ^ to other excited levels, 
also involved, is of marginal importance. 



The value (|4]) is obtained by combining ^ with val- 
ues of h/M for caesium [io| and rubidium jll;] and with 
various results on auxiliary data (see [i| for details). 

Meantime, certain results related to other 
mass/distance scales are also available. For longer 
distances one can apply the value [I4I 



Roc = 10 973 731.568 34(69) ni- 



ls) 



obtained from a transition between the circular states 
(i.e., states where I ^ n — 1) with n = 27 — 30 in the hy- 
drogen atom and thus related to distances of about 10'^ oq. 
The uncertainty above is tripled against its original value 
[13 | because the result is a preliminary one. Nevertheless, 
as it was confirmed by authors of the experiment [13|, 
that is rather an overconservative estimation. We have to 
remark that while this uncompleted experiment is rather 
of marginal importance in determination of the Rybderg 
constant (see, e.g., [l|), it is crucial to constrain various 
exotic effects at distances of 10~^ — 10~^ m. There is no 
other compatible experimental data at this scale. 
The fine structure constant 



a-}^ = 137.035 999 084(51), 



(6) 



derived from the anomalous magnetic moment of an elec- 
tron by combining the experimental result [ij] with the- 
ory [l5|, represents physics of shorter distances, com- 
parable with the Compton wavelength of the electron 
~ Ac = flo/a = l/rrie. (Indeed, instead of a substitution 
([1]), for the evaluation of the related correction one has 
to apply a complete propagator of 7*.) 



Mass range 



a{r) - a{ao) 



a 4 eV < A < 1 kcV 10=* ao (O.6 ± 2.3) x 10' 
h 4 keV < A «: 0.5 MeV Ac (2.7 ± 2.9) x 10" 



TABLE I: The constraint on the deviation of the effective 
long-range interaction a{r)/r from the Coulomb exchange due 
to possible presence of 7*. Here, a{r) = a{oo) + a' exp(— Ar) 
and r is a characteristic distance to be compared with ao- 



The related distance range is A 



0.5 X 10"^ m (for A 



4eV), 0.5 X 10" 
A = 0.5 MeV). 



m (for A = 4 keV) and 0.4 x 10"'^ m (for 



Comparison of a(ao) with results at other scales de- 
livers us constraints on a'. The results for asymptotic 
areas (where the strong inequalities on A hold) are sum- 
marized in Table HI while the constraints in Fig. [1] are 
also applicable for an intermediate area A ^ 1 keV as 
well as on the edges of the considered region {^ 1 eV 
and ~ 1 MeV). We also note that to saturate limits for 
the region, defined by a strong inequality, it is sufficient 
to have A larger/smaller than the related value by a fac- 
tor of 3 — 5. 

To interpret constraints in Fig. U we note that the a 
constraint is related to a correction ([T]) for the Coulomb 




A (MeV) 



10"' 10-' lo--" 0.001 0.01 0.1 



FIG. 1: Constraints on a long-range spin-independent in- 
teraction from hydrogen spectroscopy and ge — 2, including 
a constraint from hydrogen spectroscopy with low and high 
(n ~ 30) Rydberg states (a) , a comparison of the low states 
and Qe — 'i (b). The lines are for the upper bound on \a'\ and 
the confidence level corresponds to one standard deviation. 



interaction of an electron and proton, while the b con- 
straint is from a comparison of an electron-proton long- 
range interaction at atomic scale and electron-electron 
interaction at scale of Ac. 

In principle, one could have in mind not 7*, but a light 
intermediate particle, which interacts in a different way 
with various charged particles. It is possible to proceed 
further for this case and this option will be explored in 
details elsewhere. 

The constraints can be also applied for a non-vector 
intermediate particle coupled both to protons and elec- 
trons. A potential, which has a static spin-independent 
interaction (i.e., the Coulomb- like component), satisfies 
(fT|) and is directly applicable in atomic calculations for 
Roo at distances of both important scales, ao and lO'^aQ. 
That is related to true scalar, vector, tensor etc. inter- 
mediate particles and the constraint a in Table |T] and 
FigH] stands for them. On the contrary, pseudoscalars, 
vectors etc. produce various spin-dependent potentials, 
that does not affect any determination of i?oo ■ 

Meantime, a calculation of corrections to 5e— 2 with all 
kinds of intermediate particles, coupled to electrons, pro- 
duces results of the same order of magnitude. Suggesting 
that a coupling of the boson to electrons and to protons is 
the same, we can consider the b constraint as a rough es- 
timation for true scalars. For pseudoscalars and vectors, 
this rough estimation is now for a pure boson-electron 
coupling and has an interval of applicability, extended to 
longer distances. 



III. CONSTRAINING A PSEUDOVECTOR 
BOSON FROM THE Is HFS INTERVAL 

Until very recently, it was the Is hyperfine structure 
(HFS) interval in the hydrogen atom that was the most 
accurately measured quantity in general and the most 



accurately measured quantity related to a simple atom 
in particular. However, its application to fundamental 
problems used to be limited because of uncertainties re- 
lated to the proton structure. In this section in partic- 
ular we derive from the hydrogen HFS a constraint on 
a pseudoscalar particle, which is much stronger than a 
constraint on 7*. Still a constraint from muonium HFS, 
which is free of problems with the nuclear structure, is 
even stronger. 

The HFS in two-body atoms opens a possibility to test 
a spin-dependent long-range interaction and to look for 
the Yukawa term in 1^. The ground state HFS interval 
is known with high accuracy for a few light hydrogen-like 
atoms (see [2| for details and references). 

A constraint here is based on the fact that the leading 
contribution to the HFS interval can be obtained from 
the known value of the nuclear magnetic moment. The 
latter is determined for a number of nuclei from experi- 
ments on behavior of a bound nuclear magnetic moment 
at a macroscopic magnetic field (see [l| for details and ref- 
erences). In principle, only some of these measurements 
are sensitive to the Yukawa term in © , and the involved 
macroscopic distances vary in a broad range. Summa- 
rizing, we can definitely conclude that for the Yukawa 
radius below, say, Iq = 1 cm, the results for magnetic 
moments are not affected by the correcting term. 

Meantime, for oq ^ A~^ ^ Iq the HFS interval in muo- 
nium and hydrogen is shifted by (— a"/a)Z^i?oo- The 
strongest constraint 



= 1.6 ±6.0 X 10 



-16 



(7) 



is derived from muonium physics [16| . while the results, 
involving other light two-body atoms, such as ck"(H) ~ 
±1.6 X 10^1^ and a"(D) = ±8 x lO^^^, are somewhat 
weaker and, in fact, less reliable because of uncertainties 
in theoretical understanding of the nuclear contributions 

(see, e.g., @,E3). 

The constraints, obtained from all available precision 
data on the Is HFS in light atoms are summarized in 
Fig. [31 They are extended there to shorter distances 
(A-i < ao). 

The constraints also include the one from positronium 
experiments, obtained in a different approach, through 
comparison of spin-dependent (HFS interval) and spin- 
independent (determination of e and me) physics. 



IV. CONSTRAINING A PSEUDOVECTOR BY 
COMPARING THE Is AND 2s HFS INTERVALS 

Summarizing, the constraints from the Is HFS are lim- 
ited either by the uncertainty of calculations of nuclear 
effects (for atoms with hadronic nuclei) or by experimen- 
tal accuracy in leptonic atoms. Since both uncertainties 
in fractional units are larger than experimental uncer- 
tainty of the Is HFS interval in hydrogen and some other 
atoms, the high accuracy of measuring the HFS intervals 
is not completely utilized and progress is possible. 
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FIG. 2: Constraint on a long-range spin-dependent interac- 
tion from HFS intervals of two-body atoms. The dashed lines 
are for the upper bound on \a"\ derived from the Is HFS data 
for muonium, positronium, hydrogen, deuterium, tritium and 
helium-3 ion. The solid lines present constraints from data on 
D21 in hydrogen, deuterium and helium-3 ion. The confidence 
level corresponds to one standard deviation. 



As was shown in '17| . the specific difference 



D21 ^ 8 X EMsi2s) - EmsM 



(8) 



is essentially free of such a problem. The uncertainty of 
the nuclear effects is very much reduced and the accuracy 
of the 2s interval, being lower than for the Is, is still 
higher than in experiments with unstable leptonic atoms, 
such as muonium and positronium. 

To get use of the difference, accurate experimental data 
on the 2s HFS interval are required. Data with appro- 
priate accuracy are available for few atorns: for hydrogen 
p^ . deuterium [13| and helium-3 ion ^203. The related 
theory is reviewed in [2l|. 

The Yukawa correction in Q generates a correction for 
the HFS interval of the ns state, which is proportional to 
n~^ for A~^ 3> ao and thus does not vanish in ^. That 
allows to set a constraint on the spin-dependent Yukawa 
term (see Table [U and Fig.[2l). 

Comparing the HFS constraints in Fig [2l we note that 
the D21 constraints are stronger for A < 1 keV, while 
the Is HFS constraint for a" is stronger in the case of a 
heavier mass range. 



V. SUMMARY 

Concluding, we have demonstrated that precision 
physics of simple atoms is a powerful tool to constrain 



Atom Experiment Theory 

[kHz] [kHz] 



H 48.923(54) 

D 11.280(56) 

'He+ -1189.979(71) 



48.953(3) (3.3 ± 5.9) x 10"^^ 

11.3125(5) (2.4 ±4.1) x 10"" 

-1190.08(15) (^2.8 ±4.6) x 10~" 



TABLE II: Comparison of experiment and theory for the D21 
value in light hydrogen-like atoms. The constraint on a' is 
related to A < 1 keV. 



vector and pseudovector particles, coupled to leptons and 
nuclei, with a preferred mass range of keV/c^ . The lat- 
ter in many cases can be extended into one-MeV domain. 
The stability of the intermediate particle is not required 
and it is sufficient for our consideration that the width is 
substantially smaller than the mass (r^^ <C A). 

The width of the boson, r~^, can be in particular 
induced by the interaction with the charged particles, 
which is constrained in this paper. However, that is not 
the only possible mechanism. On the contrary, it may 
happen that there is an interaction of the intermediate 
boson with the photons, which induces the interaction 
with charged particles. (The situation with 7r° and ai 
exchange, studied while calculating the hadronic contri- 
butions to the muonium HFS [22l |. is similar — the in- 
teraction of both mesons with photons couples them to 
electrons and muons.) That may provide smaller values 
of the lifetime of the intermediate particle. 

Here, we have considered an option of a light boson 
with an ultraweak coupling, which has not been well ex- 



plored in particle physics (see, e.g., [23|'). 

Various constraints on long-distance interactions of 
this range could also come from experiments, studying 
Casimir effect at small distances [2J]. However, here, we 
consider somewhat smaller distances, which are not ac- 
cessible in those experiments. Yukawa potentials, related 
to 7* or to a pseudovector meson, are also outside of reach 
in those investigations, which involve a long-range spin- 
independent interaction of bulk neutral matter. So, our 
constraints are complementary to Casimir-effect studies. 

The ke V mass range can be explored by means of astro- 
physics and cosmology [y, [23| . Those constraints involve 
additional details such as the lifetime and other couplings 
and they are also complementary to our constraint for 
a'(A). 

The novel method suggested here, based on a study 
of a few specific atomic transitions understood theoret- 
ically and experimentally with extremely high accuracy, 
covers an area of parameters (mass-coupling constant), 
not available by other methods (at least in a model- 
independent way). The details of our evaluations are 
to be published elsewhere. We expect that some other 
atomic data can be also useful for additional constraints. 
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